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Objective:
Combine HEP simulation experience with HPC quantum systems 
simulations to provide an environment for executing large-scale 
experiments with advanced analysis capabilities for studying 
multi-qubit and multi-level reduced-noise, long coherence time 
quantum systems such as 3D Superconducting RF (SRF) cavities 
integrated with transmon qubits. 

Current studies:
Understand the advantages of multi-level long coherence time 
qudit devices (such as 3D SRF cavities) compared to multiple 
qubit (two-level) devices. 

The experimental apparatus at Fermilab currently under test with 
two 3D SRF cavity structures (bottom) in place. 

A multi-cell 3D SRF cavity structure driven by an embedded superconducting transmon qubit 
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Time Scale for Transformative Quantum 
Computers is set by Decoherence

Industry forecast of exponential growth in quantum computing 
power still predicts that transformative applications are 
decades away.  System performance is limited by 
decoherence and requires 5-10x the number of physical 
qubits per effective qubit.

Superconducting Radio Frequency Cavities 
Enable Breakthroughs in Quantum Coherence

Using Fermilab SRF expertise as a starting point, these cavities 
have demonstrated more than two orders of magnitude longer 
coherence than the previous quantum regime record for SRF 
cavities.  Additionally, Fermilab SRF cavities have more then three 
orders of magnitude longer coherence times than the best state-of-
the-art superconducting qubits. 

QIS SRF state-of-the-art

Reference: A. Romanenko, R. Pilipenko, S. Zorzetti, D. Frolov, M. 
Awida, S. Posen, and A. Grassellino. arXiv:1810.03703 

A Single Cell SRF Cavity (Qudit) Can Perform as 
Many Effective Qubits

Long coherence in SRF cavities enables a single cell to support 
more photons and therefore preserve highly entangled states for a 
longer time than could be achieved in a multi-qubit system.  Even 
16,383 photons only amounts to 0.176 eV of energy.

Scaling Up Quantum Systems Through
Multi-Cell SRF Technology

To scale up this quantum technology we will couple a 
superconducting qubit to a multi-cell structure and control it 
similar to a radio.  The number of cells used multiplicatively 
increases the number of effective qubits.  A nine-cell structure 
could support between 63 and 128 effective qubits enabling 
quantum simulations a half century faster than forecasted. 

Effective 
Qubits

Photons in 
SRF Cavity

1 1
3 7
5 31
7 127

10 1027
14 16383

This manuscript has been authored by Fermi Research Alliance, 
LLC under Contract No. DE-AC02-07CH11359 with the U.S. 
Department of Energy, Office of Science, Office of High Energy 
Physics.

Highly entangled states 
are preserved in long 
coherence time multi-
level 3D SRF cavities  
(qudits) with potential  
advantages over qubits 
shown at left

# of photons = 2 # effective qubits -1

e.g. 14 effective qubits 
correspond to 16383 photons 
in the cavity

The above was calculated by QuTiP1 on a laptop. For larger scale 
studies we need High Performance Computing and parallelized 
simulation code… 

Simulations with QuaC:
QuaC2 is an open quantum system simulation that takes 
advantage of High Performance Computing to solve the Linblad 
master equation for large scale problems 

QuaC takes input as low level state information or QASM 
generated by gate circuit compiling tools such as Qiskit3
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Left: Compare 256 level qudit to 8 qubits fidelity 
(color scale is fidelity ratio). Solid contour is 
equal fidelity ratio. Decoherence rate is same for 
qudit & qubit. Qudits are better in upper right, 
but this is where absolute fidelity is poor. 

Right: Like plot at left, but improving the qudit 
decoherence rate by indicated factor. Contours are 
where fidelity ratio is 1 (e.g. orange line is for qudit 
2x better than qubit). At 20x better (brown), qudits 
improve over qubits in the good absolute fidelity 
region. Over 20x qudits are always better. 

For an arbitrary state compare state decoherence over time for multi-level qudit vs. multiple qubits. y axis 
is log(decoherence rate). Dashed contours are the absolute fidelity for qubits (do not follow color scale). 
Lower left of plots is good fidelity region. 

Fermilab is conducting experiments on 3D SRF cavity systems 
with an embedded transmon qubit. We are simulating such 
systems with the work in this QuantISED project. 
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